Abstract Oxidative stress may be the most significant threat to the survival of living organisms. Glutathione S-transferases (GSTs) serve as the primary defences against xenobiotic and peroxidative-induced oxidative damage. In contrast to other well-defined GST classes, the Omega-class members are poorly understood, particularly in insects. Here, we isolated and characterised the GSTO2 gene from Apis cerana cerana (AccGSTO2). The predicted transcription factor binding sites in the AccGSTO2 promoter suggested possible functions in early development and antioxidant defence. Real-time quantitative PCR (qPCR) and western blot analyses indicated that AccGSTO2 was highly expressed in larvae and was predominantly localised to the brain tissue in adults. Moreover, AccGSTO2 transcription was induced by various abiotic stresses. The purified recombinant AccGSTO2 exhibited glutathione-dependent dehydroascorbate reductase and peroxidase activities. Furthermore, it could prevent DNA damage. In addition, Escherichia coli overexpressing AccGSTO2 displayed resistance to long-term oxidative stress exposure in disc diffusion assays. Taken together, these results suggest that AccGSTO2 plays a protective role in counteracting oxidative stress.
Introduction
As normal by-products of oxygen metabolism, reactive oxygen species (ROS) are both harmful and beneficial to living systems (Valko et al. 2004) . In low intracellular concentrations, ROS act as secondary messengers in signal transduction pathways regulating cell growth, while high ROS concentrations induce cellular senescence and apoptosis by oxidising nucleic acids, proteins, and lipids (Poli et al. 2004) . In normal conditions, a dynamic balance between ROS generation and scavenging exists, resulting in a relatively low level of ROS maintained within cells. However, endogenous or exogenous insults can break this balance and lead to the excessive production or accumulation of ROS (i.e. oxidative stress). To defend against oxidative damage by ROS, organisms have evolved complex antioxidant defence systems to maintain normal cell structures and functions.
The glutathione S-transferases (GSTs, EC 2.5.1.18) family is a member of antioxidant defence systems that have dominant roles in regulating the intracellular ROS balance. GSTs catalyse the conjugation of reduced glutathione with compounds containing an electrophilic centre, which forms more soluble, nontoxic peptide derivatives that can be excreted from cells. Therefore, GSTs play central roles in the detoxification of endogenous and xenobiotic compounds, including drugs, herbicides and insecticides (Huang et al. 2011) . GSTs also participate in the biosynthesis and intracellular transport of hormones and in the protection against oxidative stress (Hayes et al. 2005; Cnubben et al. 2001) . GSTs are ubiquitous in both prokaryotes and eukaryotes. On the basis of insect GSTs sequence similarity, chromosomal location and immunological properties, insect cytosolic GSTs are currently divided into six classes, which are named Delta, Sigma, Epsilon, Zeta, Theta and Omega (Enayati et al. 2005) .
The Omega-class GST (GSTO) was originally identified by analysing sequence similarities in the human expressed sequence tag (EST) database (Board et al. 2000) . To date, GSTOs appear to be widespread in nature and have been identified in plants (Dixon et al. 2002) , yeast (Garcera et al. 2006) , insects (Walters et al. 2009 ), bacteria (Xun et al. 2010) , and mammals (Rouimi et al. 2001) . GSTOs have unique structural and functional characteristics. Within the canonical GST fold, GSTOs have a cysteine residue in their active site rather than the serine or tyrosine found in the other GST classes. Consequently, GSTOs catalyse a range of thiol transfer and reduction reactions that are rarely catalysed by members of the other classes (Board et al. 2000) . Recently, GSTOs were shown to scavenge free radicals and ROS by modulating dehydroascorbate reduction and recycling (Rice 2000; Burmeister et al. 2008) . GSTOs also participate in the biotransformation pathway of inorganic arsenic metabolism, which protects organisms from acute and chronic arsenic toxicosis (Chowdhury et al. 2006) . There is increasing evidence that GSTOs are involved in various biological and clinically significant settings, including drug resistance (Yin et al. 2005 ), Alzheimer's disease (Li et al. 2003) , the action of anti-inflammatory drugs (Laliberte et al. 2003) , and susceptibility to chronic obstructive pulmonary disease (COPD) (Dulhunty et al. 2001) . By regulating mitochondrial ATP synthase activity, DmGSTO1 has been demonstrated to play a protective role in a Drosophila model of Parkinson's disease (Kim et al. 2012) . However, the role of GSTO in insect have not been fully investigated and should be further determined.
As a pollinator of flowering plants, Apis cerana cerana is a valuable indigenous species that plays an indispensable role in the balance of regional ecologies and agricultural economic development. Due to environmental deterioration in recent decades, farming this species is extremely difficult. The protective roles of GSTOs during oxidative stress have been invoked (Dixon et al. 2002; Kampkötter et al. 2003) . To our knowledge, the molecular identity of hymenoptera GSTOs has not been investigated in comparison with other GST classes in hymenoptera species although the Apis mellifera genome was annotated. In this study, we isolated and characterised a GSTO gene, named AccGSTO2, from A. cerana cerana. In addition to assaying the biochemical properties of the purified AccGSTO2, we investigated the antioxidant ability of this protein. On the basis of these results, we infer that AccGSTO2 might be one of the factors to perform functions in response to oxidative stress.
Materials and methods

Insects and treatments
A. cerana cerana worker bees were obtained from the experimental apiary of Technology Park of Shandong Agricultural University. The larvae and pupae were identified according to the criteria of Michelette and Soares (1993) . The entire bodies of larvae, pupae and 1-day-old adult workers were collected from the hive. 10-day-old adult workers were obtained by marking newly emerged bees with paint and collecting them after 10 days. The brain, epidermis, flight muscle and midgut from adults (10d) were dissected on ice, frozen immediately in liquid nitrogen, and stored at −80°C. Untreated larvae, pupae and adult workers were also frozen in liquid nitrogen and stored at −80°C for analysis of developmental expression patterns. Moreover, the 10-day-old adults were fed on the basic adult diet containing water, 70 % powdered sugar and 30 % honey from the source colonies, and maintained in incubators at a constant temperature (34°C) and humidity (70 %) under a 24 h dark regimen (Alaux et al. 2010) . Then, they were divided into ten groups (n = 40/group). Groups 1-5 of adult workers were subjected to cold (4°C, 16°C, 25°C), heat (42°C), and ultraviolet (UV)-light (30 mJ/cm 2 ), respectively. Group 6 of adult workers were injected with 20 μl of H 2 O 2 (50 μM of H 2 O 2 /worker) between the first and second abdominal segments using a sterile microscale needle. Considering that a bee in the wild is more likely to be exposed to insecticides through the cuticle when it lands on/rubs against a plant, groups 7-10 of adult workers for insecticide treatments, insecticides (cyhalothrin, phoxim, pyridaben, and paraquat) were delivered in 0.5 μl distilled water to the thoracic notum of worker bees and the final concentrations are 20 μg/L, 1 μg/mL, 10 μM, 10 μM, respectively. The adult workers were injected with PBS as H 2 O 2 controls in group 6. In insecticide treatments, adult workers were treated with 0.5-μl distilled water as controls. The adult workers were left untreated as controls in group 1-5. The adult workers of groups 1, 3, 7-10 were collected after treatment at 0.5, 1, 1.5, 2, and 2.5 h, while the groups 2, 4-6 at 1, 2, 3, 4, and 5 h. The treated bees were then immersed in liquid nitrogen and stored at −80°C until used. These experiments were performed in triplicate.
RNA extraction, cDNA synthesis and DNA isolation TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA according to the manufacturer's protocol. Total RNA was digested with RNasefree DNase I to eliminate potential DNA contamination. First-strand cDNA was generated with the EasyScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) according to the manufacturer's instructions. Genomic DNA was isolated using the EasyPure Genomic DNA Extraction Kit (TransGen Biotech, Beijing, China) according to the manufacturer's instructions.
Isolation of the cDNA, genomic sequence and the 5′-flanking region of AccGSTO2
To determine the cDNA and the genomic DNA sequences of AccGSTO2, cloning procedures were performed as previously described . The 5′-flanking region of AccGSTO2 was amplified as previously described (Yu et al. 2011) . The primer sequences used were provided in Supplementary Table 1. The MatInspector database (http:// www.cbrc.jp/research/db/TFSEARCH.html) was used to predict putative cis-acting element and transcription factor binding sites in the 5′-flanking region of AccGSTO2. All of the PCR amplification conditions are shown in Supplementary  Table 2 .
Bioinformatic analyses
The conserved domains in AccGSTO2 were detected with the bioinformatics tools available at the NCBI server (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Tertiary structures were predicted using SWISS-MODEL (http:// swissmodelexpasy.org/). Using the DNAMAN software programme version 5.2.2, we identified the AccGSTO2 ORF and conducted multiple alignments of gene homologues. The Expasy-Sib Bioinformatics Resource Portal (http://web.expasy.org/compute_pi/) was used to predict the theoretical isoelectric point and molecular mass. The phylogenetic tree of the predicted amino acid sequences of GSTs from several insect species was constructed using the neighbour-joining method and the molecular evolution genetics analysis (MEGA) software programme, version 4.1.
Real-time quantitative PCR
cDNA synthesis was performed as described above. β-actin (XM640276) gene was selected as a reference gene to normalize qPCR experiments since it was validated among the most stably expressed genes tested in honey bee (Lourenco et al. 2008; Scharlaken et al. 2008) . The AccGSTO2 primer pairs RPF/RPR and β-actin primer pairs β-actin-s/β-actin-x were used for qPCR with the SYBR® PrimeScript TM RT-PCR Kit (TaKaRa, Dalian, China) in a CFX96TM Real-time System (Bio-Rad, Hercules, CA, USA). The qPCR programme was as follows: pre-denaturation at 95°C for 30 s, 40 cycles of amplification (95°C for 10 s, 55°C for 20 s, and 72°C for 15 s) and a melt cycle from 65 to 95°C. mRNA abundance was evaluated in 3 independent biological replicates for each group with three technical repeats for each primer pair. The data were analysed with the CFX Manager software programme, version 1.1 using the 2 −ΔΔCt method (Livak and Schmittgen 2001) .
Protein expression, purification and antibodies preparation
The expression of the recombinant AccGSTO2 was performed as previously described (Yu et al. 2011 ). The AccGSTO2 coding region was ligated into pET-30a (+) vector (Novagen, Darmstadt, Germany) after digestion with the restriction endonucleases BamH I and Kpn I. The purification of target protein was performed with a method modified from Zhou et al. (2012) . Briefly, the cells were centrifuged at 6,000×g at 4°C for 10 min. The pellet was resuspended in 15 ml of lysis buffer (phosphate-buffered saline containing 15 % glycerol, 0.3 M NaCl and 20 mM imidazole, pH7.4), sonicated and centrifuged again at 4°C (11,000×g, 15 min). Finally, both the supernatant and the pellet were solubilised in lysis buffer, and expression of the target recombinant protein was analysed by 12 % sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The recombinant AccGSTO2 protein was purified on a HisTrap TM FF column (GE Healthcare, Uppsala, Sweden) according to the manufacturer's instructions. The supernatant was also loaded onto 1 ml of a HisTrap TM FF column equilibrated with lysis buffer for 1 h, and the protein was eluted with lysis buffer containing 0.25 M imidazole, pH 7.4, and 0.5 M arginine to prevent precipitation and encourage refolding. The purified protein was examined by 12 % SDS-PAGE. The purified protein was injected subcutaneously into white mice for generation of antibodies as described by Meng et al. (2010) .
Western blot analysis
Total protein from four different tissues (brain, epidermis, muscle, and midgut) and three different developmental stages (day-3 larvae, day-6 pupae, and day-10 adults) were extracted as described by Li et al. (2009) . The total proteins were quantified with the BCA Protein Assay Kit (Thermo Scientific Pierce, IL, USA). Equal amounts of protein from four tissues or three developmental stages were subjected to 12 % SDS-PAGE and subsequently electrotransferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA) using a Semi-dry Transfer Conit. Western blotting was performed according to the procedure of Meng et al. (2010) . The anti-AccGSTO2 serum was used as the primary antibody at a 1:500 (v/v) dilution. Peroxidaseconjugated goat anti-mouse immunoglobulin G (Dingguo, Beijing, China) was used as the secondary antibody at a 1:2000 (v/v) dilution. The proteins were detected using the SuperSignal® West Pico Trial Kit (Thermo Scientific Pierce, IL, USA).
Enzymatic activity assays of recombinant AccGSTO2
Purified recombinant AccGSTO2 was dialysed in 100 mM KH 2 PO 4 , pH 7.5, and used for the enzyme assays. The assays were performed in triplicate from three independent enzyme preparations. The 1-chloro-2,4-dinitrobenzene (CDNB)-conjugating activity was measured using spectrophotometry as described by Habig et al. (1974) . Glutathione peroxidase activity was monitored using a method adapted from Boldyrev et al. (2001) in a reaction mixture containing 50 mM sodium phosphate buffer (pH 7.8), 1 mM EDTA, 0.12 mM NADPH, 0.85 mM GSH as a substrate, 0.5 unit/ml glutathione reductase and 0.2 mM cumene hydroperoxide (or t-butylhydroperoxide). The reaction was initiated by adding the enzymatic extract, and it was recorded at 340 nm for 10 min at 25°C. Glutathione-dependent dehydroascorbate reductase (DHAR) activity was measured by recording the increase in absorbance at 265 nm as described by Wells et al. (1995) .
Optimum temperature and pH analysis
Because the recombinant AccGSTO2 showed detectable activity towards typical GST substrates, the effects of temperature and pH on enzymatic activity were determined by the standard DHAR assay. Enzyme activity for optimum temperature was determined by incubating the recombinant AccGSTO2 in the reaction mix contained of 200 mM sodium phosphate (pH 6.85), 1 mM EDTA, 2.25 mM GSH and 1 mM DHA in a total volume of 1 ml. The reaction was initiated by adding DHA and recorded for 2 min over a temperature ranges from 5 to 55°C in 5°C increments with a 1-cm light path. Citrate buffer (50 mM, pH4.0-5.0), sodium phosphate buffer (50 mM, pH6.0-7.0) and Tris-HCl buffer (50 mM, pH8.0-9.0) were used to measure the optimal pH. All of the assays were performed in triplicate.
Kinetic parameter analysis
The DHAR apparent kinetic parameters of the recombinant GST were determined using a GSH range of 0.25-4.0 mM and a fixed DHA concentration of 1 mM; similarly, the apparent K m and V max values for DHA were determined using a DHA range from 0.1 to 2.0 mM and a fixed GSH concentration of 2.25 mM. All of the reactions were measured at pH 6.85 and 25°C. The apparent K m and V max values for CDNB (or GSH) were determined using a CDNB (or GSH) range from 0.1 to 4.0 mM and a fixed GSH (or CDNB) concentration of 1.0 mM. All of the reactions were measured at pH6.5 and 25°C. The Michaelis constant was calculated using the Lineweaver-Burk method in the Hyper programme.
DNA cleavage assay with the MFO system AccGSTO2 was characterised in a DNA protection assay modified from Yu et al. (2011) . Briefly, a reaction mixture (25 μl) containing 100 mM HEPES buffer, 3 mM FeCl 3 , 10 mM DTT, and increasing concentrations of AccGSTO2 protein ranging from 10 to 150 μg/ml was incubated at 37°C for 30 min before the addition of 300 ng of pUC19 supercoiled plasmid DNA. The reaction was incubated for an additional 2.5 h at 37°C and then subjected to 1 % agarose gel electrophoresis for the determination of DNA cleavage. N-ethylmaleimide (NEM, 5 mM) and BSA (150 μg/ml) were used as negative controls to add in this reaction mixture.
Disc diffusion assay under oxidative stress
Disc diffusion assay under oxidative stress was performed with a method modified from Burmeister et al. (2008) . Briefly, approximately 5×10 8 bacterial cells were plated on LB-kanamycin agar plates and incubated at 37°C for 1 h. Filter discs (6-mm diameter) soaked in different concentrations of cumene hydroperoxide (0, 25, 50, 80, or 100 mM), t-butylhydroperoxide (0, 2, 5, 8, or 10 mM), or paraquat (0, 10, 50, 100, or 200 mM) were placed on the surface of the top agar. The cells were grown for 24 h at 37°C before the inhibition zones around the paper discs were measured.
Data analysis
Error bars denote standard error of the mean (SEM) from three independent experiments. The significant differences were determined by Duncan's multiple range tests using the Statistical Analysis System (SAS) version 9.1 software programmes (SAS Institute, Cary, NC, USA).
Results
Isolation and characterisation of AccGSTO2 cDNA sequence
The sequence analysis indicated that the full-length cDNA of AccGSTO2 (JX434029) was 1,365 bp, including a 321-bp 5′ untranslated region (UTR), a 324-bp 3′ UTR and a 720-bp complete ORF. The ORF encoded a polypeptide of 239 amino acids with a predicted molecular mass of 27.785 kDa and a theoretical isoelectric point of 6.21.
Multiple sequence alignments showed that AccGSTO2 shares 99.16-46.67 % sequence similarity to GSTO from Apis florae (AfGSTO1), Bombus impatiens (BiGSTO1), Bombus terrestris (BtGSTO1), A. mellifera (AmGSTO2), Nasonia vitripennis (NvGSTO2), Harpegnathos saltator (HsGSTO1), Acromyrmex echinatior (AeGSTO1), and Camponotus floridanus (CfGSTO1). In addition, the predicted AccGSTO2 contains the conserved features of the cytosolic GST superfamily, which include an N-terminal thioredoxin-like domain (H 5 -D 90 , with βαβαββα topology) and a C-terminal α-helixes domain (E 102 -L 225 ). Moreover, the GSH-binding site (G-site) and putative substrate-binding site (H-site) were predicted using a bioinformatics tool on the NCBI server (Fig. 1a) . This analysis indicated the AccGSTO2 belongs to the typical GSTOs (Board et al. 2000) .
To determine the evolutionary relationships between AccGSTO2 and other insect GSTs, a neighbour-joining phylogenetic tree was built with 40 GSTs from different insects (Fig. 1b) . Of the six classes insect GSTs examined, AccGSTO2 was categorised into the Omega class, where it clustered with AmGSTO2. Thus, we named the putative protein AccGSTO2.
To understand the relationships between the structure and function of AccGSTO2, its three-dimensional structure was predicted and reconstructed by SWISS-MODEL; the template that was used was the X-ray crystal structure of human Omega GSTO2-2 (PDB 3qagA), which was the second Omega GST structure determined. The two proteins share 30.67 % sequence identity. As shown in Fig. 1c , the N-terminal and Cterminal regions were located on the surface of the tertiary structure, and the overexpression of the pET30a (+) vector did not affect the protein folding.
Identification of the genomic structure of AccGSTO2
To further elucidate the properties of AccGSTO2, the genomic DNA sequence of AccGSTO2 was obtained by PCR amplification. The complete AccGSTO2 (JX456219) is 2,147 bp, which includes six exons that are separated by five introns with high AT contents and canonical 5′-GT splice donor and 3′-AG splice acceptor sites. The AccGSTO2 exons and introns were aligned with GSTO sequences from A. cerana cerana, A. florea, B. impatiens, B. terrestris, and N. vitripennis (Fig. 2) . AccGSTO2, AfGSTO1, BiGSTO1, and BtGSTO1 contained five introns and shared the highest length similarity, whereas NvGSTO2 contained six introns. Moreover, because the first intron of NvGSTO2 was located in the 5′ UTR, this gene was longer than the others.
Identification of partial putative cis-acting elements in the 5′-flanking region of AccGSTO2
To determine the organisation of the regulatory region of AccGSTO2, a 1,591-bp fragment (JX456219) located upstream of the transcription start site was isolated. Many cis-acting elements were predicted using the TFSEARCH software programme (Fig. 3) . Sequences involved in tissue development and growth in early stages, including cell factor 2-II (CF2-II), Hunchback (Hb), Dfd, NIT2, Broad-Complex (BR-C), Pbx1, and caudal-related homeobox (CdxA) protein (Ericsson et al. 2006; Rørth 1994; Stanojević et al. 1989; Yu et al. 2011) , were identified. In addition, several important transcription factors required for regulating various environmental stresses, such as heat shock factors (HSF) and activating protein-1 (AP-1), were predicted (Ding et al. 2005) . The cAMPresponsive element binding protein (CREB) and the CCAAT/enhancer binding protein (C/EBP) were also found; and these elements regulate gene expression during cell differentiation, proliferation, and apoptosis (Ishida et al. 2007; Carlezon et al. 2005) . We speculated that AccGSTO2 may be involved in organismal development and environmental stress responses.
Temporal and spatial expression patterns of AccGSTO2
QPCR was performed to examine the expression patterns of AccGSTO2 during different developmental stages. As shown in Fig. 4a , the expression level of AccGSTO2 gradually decreased from the day-3 larvae to the day-1 adults, and increased rapidly in day-10 adults. The highest expression level was detected in day-3 larvae, and almost no significant differences in AccGSTO2 expression were observed during pupae stages.
Among the adult tissues studied, the most pronounced expression appeared in the brain, and decreasing mRNA levels Phylogenetic relationships between glutathione transferases (GSTs) from different insect species. The six primary classes are shown, and AccGSTO2 is boxed. c The tertiary structure of AccGSTO2. The conserved G-site residues (Y27, C28, P29, and F30), H-site residues (S115, I118, S119, P173, and E176), N-terminal, and C-terminal are shown of AccGSTO2 were observed in the epidermis, muscle and midgut (Fig. 4b) . The brain is a highly sensitive tissue for xenobiotics and peroxidative damage, implying that AccGSTO2 may play a protective role in the brain tissue. The data are the means±SE of three independent experiments. The different letters above the columns indicate significant differences (P<0.01) according to Duncan's multiple range tests Fig. 3 The nucleotide sequence and putative cis-acting elements of the AccGSTO2 regulatory region. The translation and transcription start sites are marked with arrows. The cis-acting elements are boxed, with the exception of Hb, which is shaded in black Expression patterns of AccGSTO2 under abiotic stress treatments Knowledge on the expression patterns of AccGSTO2 under environmental stressors could be helpful to better understands the biological functions. Previous studies have indicated that the expression of GSTO could be induced by environmental stressors such as heat, heavy metals and endocrine-disrupting chemical in disk abalone (Wan et al. 2009 ), insecticides and UV radiation in the silkmoth (Yamamoto et al. 2011 ). To (1 μg/ml) (h), Pyridaben (10 μM) (i), and Paraquat (10 μM) (j). Untreated adult worker bees (Lane 0) were used as controls, and adult worker bees injected with PBS for 5 h were used as injection controls. The data are the means±SE of three independent experiments. The different letters above the columns indicate significant differences (P<0.01) according to Duncan's multiple range tests determine whether AccGSTO2 is involved in different abiotic stress response, relative expressions of AccGSTO2 under temperature (4, 16, 25, 42°C), UV, H 2 O 2 and insecticide (cyhalothrin, phoxim, pyridaben, paraquat) exposure were detected by qPCR. As shown in Fig. 5 , AccGSTO2 expression was upregulated under all treatments tested, although there were different expression patterns and increased degrees. These results indicate that AccGSTO2 may be involved in abiotic stress responses.
Western blot analysis
To further verify the temporal and spatial expression patterns of AccGSTO2, total protein was detected from four different tissues (epidermis, muscle, brain and midgut) of the day-10 adults or three different developmental stages (day-3 larvae, day-6 pupae, and day-10 adults) and probed with anti-AccGSTO2 serum (Fig. 6 ). The expression of AccGSTO2 was consistent with its transcript expression in different tissues or developmental stages.
Purification and enzymatic features of recombinant AccGSTO2 protein
To further characterise the recombinant AccGSTO2 protein, the complete AccGSTO2 ORF lacking a stop codon was cloned into the pET-30a (+) vector, and it was expressed in E. coli BL21 (DE3) as a histidine-fusion protein via IPTG induction. A sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis showed that the recombinant protein was soluble and had a molecular mass of approximately 34 kDa, which is consistent with the predicted molecular mass of 34.804 kDa (Fig. 7) . The soluble recombinant protein was further purified by HisTrap TM FF columns, and the concentration of the purified AccGSTO2 was approximately 1.89 mg/ml.
To identify the catalytic activities and potential biological functions of AccGSTO2, its substrate specificity with several typical GST substrates was determined. The purified enzyme showed detectable GSH-conjugating activity towards CDNB (the K m and V max values for CDNB were 2.32±0.25 mM and 8.21±1.67 μmol/min per mg protein, respectively, and the K m and V max values for GSH were 1.14±0.16 mM and 9.77±0.11 μmol/min per mg protein, respectively) and measurable GSH peroxidase activity towards cumene hydroperoxide (V max =3.24± 0.23 μmol/min per mg protein) and t-butylhydroperoxide (V max =1.17±0.28 μmol/min per mg protein). Moreover, AccGSTO2 could use GSH as an electron donor to reduce dehydroascorbate (the K m and V max values for DHA were 0.46±0.09 mM and 8.11±1.56 μmol/min per mg protein, respectively, and the K m and V max values for GSH were 3.55±0.73 mM and 6.35±1.37 μmol/min per mg protein, respectively), exhibiting high-affinity specificity towards DHA. Furthermore, the recombinant AccGSTO2 showed a maximum DHAR activity at pH 7.0 and an optimum temperature of 25°C (Fig. 8) .
Protective effects of recombinant AccGSTO2 protein in oxidative stress
To provide a direct evidence that AccGSTO2 is responsible for antioxidant defence, the mixed-function Fig. 6 Western blot analysis of AccGSTO2 in different tissues and developmental stages. a Lanes 1-4 were loaded with an equivalent amount of protein: Lane 1 epidermis, Lane 2 muscle, Lane 3 brain, Lane 4 midgut. b Lanes 1-3 were loaded with an equivalent amount of protein: Lane 1 day-3 larvae, Lane 2 day-6 pupae, and Lane 3 day-10 adults Fig. 7 Expression and purification of AccGSTO2. An SDS-PAGE analysis was used to separate recombinant AccGSTO2 expressed in E. coli BL21 cells. Lane 1 low molecular weight protein marker; Lane 2 induced overexpression of pET-30a (+) in BL21. Lanes 3 and 4 noninduced and induced overexpression of pET-30a (+) -AccGSTO2 in BL21, respectively; Lanes 5 and 6 suspension and pellet of sonicated recombinant AccGSTO2, respectively; Lane 7 purified recombinant AccGSTO2 oxidation (MFO) system, which produces hydroxyl radicals, was chosen to test whether AccGSTO2 protects DNA from ROS damage (Yu et al. 2011) . As shown in Fig. 9 , with increasing concentrations of recombinant AccGSTO2, the amount of the nicked form of the plasmid declined gradually. When the concentration of AccGSTO2 was 150 μg/ml, the nicked form was nearly undetectable. N-ethylmaleimide (NEM) contains a reactive double bond and is used to modify cysteine residues. When added to the MFO reaction, NEM inhibited the AccGSTO2 protection of DNA. Therefore, we concluded that the sulfhydryl moieties of cysteine residues in AccGSTO2 may play important roles in DNA protection.
Disc diffusion assay provides a further evidence for its protective effects in oxidative stress. After exposed overnight to various stressors, the killing zones around the drug-soaked filters were smaller on the plates containing E. coli overexpressing AccGSTO2 than in the control bacteria; 21 % (cumene hydroperoxide), 31 % (t-butylhydroperoxide), and 31 % (paraquat) halo reductions were observed (Fig. 10) . The model external prooxidants cumene hydroperoxide and t-butylhydroperoxide were used because they are more stable than H 2 O 2 under the applied incubation conditions. Because paraquat are redox-active and can cross cell membranes, they were used as intracellular ROS inducers to generate superoxide anions from molecular oxygen during metabolism (Burmeister et al. 2008 ).
Discussion
The GSTOs play central roles in detoxifying endogenous and exogenous agents. This gene family is particularly interesting because it is involved in human disease and exists in a wide range of species (Board 2011) . However, research concerning GSTOs has mainly focused on mammals, and there is limited information on GSTO in insects (Ketterman et al. 2011) . In this study, we described the cloning and characterisation of a novel GSTO from A. cerana cerana. Unlike most GSTOs, the recombinant AccGSTO2 had DHAR activity and GSH-dependent peroxidase activity, and it also catalysed the conjugation of CDNB. These results were consistent with two recent studies by Burmeister et al. (2008) and Garcera et al. (2006) . The precise mechanism involved in the distinct enzymatic features has not yet been elucidated. Wan et al. (2009) postulated that a non-traditional GST active site contributed to these differences in activity. The compositions of the cysteine-containing tetramers are as divergent as F-C-P-Y, F-C-P-F, F-C-P-W, Y-C-P-F, Y-C-P-Y, etc. AccGSTO2 was unique because its tetramer sequence was Y-C-P-F; unlike most GSTOs, tyrosine (Y) replaced phenylalanine (F) in the first residue. This substitution likely reflects a stronger interaction between the hydroxyl groups of the tyrosine and glutathione molecules. Although this explanation hints at distinct enzymatic features for different GSTOs, it remains to be tested experimentally.
The 5′-flanking region of AccGSTO2 contains many predicted transcription factor binding sites involved in early development. To confirm whether AccGSTO2 is involved in early development, we performed a stage-specific expression analysis of AccGSTO2. The qPCR analyses indicated that AccGSTO2 is highly expressed in larvae stage (Fig. 4a) . Krishnan and Sehnal (2006) reported that larvae and adults suffer higher oxidative stress than pupae because during the larval stages and the first two weeks of adulthood, their diet is restricted to honey, pollen and glandular secretions provided by other colony members. Because the pupal stages and first instar adults are at a quiescent non-feeding stage, the active intake and digestion of foods that either contain or Fig. 9 AccGSTO2 protected DNA from oxidative damage in the mixed-function oxidation system. Lanes 1-4 pUC19 plasmid DNA+ FeCl 3 +DTT+purified AccGSTO2 (150, 100, 50 and 10 μg/ml, respectively); Lane 5 pUC19 plasmid DNA+FeCl 3 +DTT; Lane 6 pUC19 plasmid DNA+FeCl 3 +DTT+purified AccGSTO2 (50 μg/ml)+NEM (5 mM ); Lane 7 pUC19 plasmid DNA+FeCl 3 +DTT+BSA (150 μg/ ml); Lane 8 pUC19 plasmid DNA+FeCl 3 ; Lane 9 pUC19 plasmid DNA only. SF supercoiled form; NF nicked form produce potentially toxic oxidative radicals may cause higher oxidative stress levels in the larval and adult stages. Moreover, microsomal oxidases have been shown to be active in honeybee larvae (Gilbert and Wilkinson 1975 ). An incomplete antioxident or immune defence system in larvae may explain this pattern because they are more susceptible to environmental stresses. Thus, the higher transcriptional levels of AccGSTO2 in larvae stage suggest a potential role in the detoxification of xenobiotics in their food in early development.
Knowledge on the tissue distributions of AccGSTO2 mRNA could be helpful to better understands the physiology. Fig. 10 Disc diffusion assays using E. coli overexpressing AccGSTO2. LB agar plates were inoculated with 5 × 10 8 cells. AccGSTO2 was overexpressed in E. coli and bacteria transfected with pET-30a (+) were used as negative controls. Filter discs soaked with different concentrations of cumene hydroperoxide (a, d), t-butylhydroperoxide (b, e) or paraquat (c, f) were placed on the agar plates. After an overnight exposure, the killing zones around the drug-soaked filters were measured A tissue-specific expression analysis revealed that AccGSTO2 mRNA was expressed at its highest levels in the brain (Fig. 4b) , which is very sensitive to oxidative stress (Ament et al. 2008; Rival et al. 2004 ). This observation is inconsistent with the low expression of GSTO in the mammalian brain (Board et al. 2000) . However, CG6781/se from Drosophila melanogaster was only found in significant levels in brain regions involved in pteridine metabolism and the biosynthesis of red eye pigments (Walters et al. 2009 ). Furthermore, we found that AccGSTO2 had significant DHAR activity. This activity may be critical for maintaining ascorbic acid (AsA) levels in the brain because AsA is dependent on the uptake and subsequent enzymatic reduction of DHA. AsA plays a major role in scavenging free radicals and specific ROS (Frei et al. 1989) , and due to the significant consumption of oxygen in the brain, the scavenging and detoxification of these reactive species is imperative. Taken together, the abundant expression of AccGSTO2 in the brain tissue implied that it may play important roles in protection against oxidative stress by maintaining AsA levels.
Studies on the insect GSTs mainly focused on their roles in insecticide resistance (Enayati et al. 2005 ) and oxidative stress responses (Corona and Robinson 2006; Li et al. 2008) . The various insect GSTs play protective roles through different defence mechanisms. The insect-specific Delta-class and Epsilon-class GSTs are thought to be major contributors to detoxification and insecticide resistance (Ketterman et al. 2011 ). In addition, some Epsilon-class GSTs in mosquito have peroxidase activity and may be important in protection against oxidative stress (Lumjuan et al. 2005; Ortelli et al. 2003) . The insect Sigma-class and Theta-class GSTs are implicated in the detoxification of lipid peroxidation products, suggesting a protective role against oxidative stress (Singh et al. 2001; Yamamoto et al. 2005) . The Zeta-class GSTs may have common housekeeping functions in the tyrosine degradation pathway, including cellular defence against oxidative stress (Claudianos et al. 2006) . For the Omega-class GSTs, this protective role against oxidative stress is mediated by DHA reductase and thiol transferase activities (Yamamoto et al. 2011) , whereas other insect GSTs do not exhibit these activities. Currently, lack of knowledge of endogenous insect GST substrates makes it difficult to elucidate the precise roles of different insect GST classes, and not all insect GSTs are involved in detoxification and antioxidative stress (Huang et al., 2011) . In this study, several antioxidant response elements, such as HSF and AP-1, were predicted in the 5′-flanking region of AccGSTO2. Furthermore, the qPCR analysis revealed that AccGSTO2 was induced by all abiotic stressors examined, such as temperature, H 2 O 2 , insecticides and UV radiation can induce oxidative stress (Lushchak 2011; Kottuparambil et al. 2012) . Consistent with these results, GSTO from Bombyx mori is activated by a variety of environmental stimuli, including bacteria, ultraviolet-B (UV-B) and three commonly used chemical insecticides (Yamamoto et al. 2011) . These results suggest that the function of GSTOs in insects is conserved. In general, the elevated mRNA levels of GSTO are always correlated with their known roles (Huang et al. 2011; Yamamoto et al. 2011; Wan et al. 2009 ). This appears to the case in C. elegans, where specific silencing of the GSTO1-1 by RNAi created worms with an increased sensitivity to several pro-oxidants, arsenite, and heat shock (Burmeister et al. 2008 ). This observation provides clue for the role of AccGSTO2 in the defence response. Therefore, an increase in amount of AccGSTO2 expression under various abiotic stressors may be related to increased tolerance of oxidative stress; however, it should be further explored.
GSH-dependent peroxidase is a well-known enzyme that functions as an antioxidant by reducing organic hydroperoxides to the less toxic monohydroxy alcohols and protecting the lipid membranes and other cellular components against oxidative stress (Mahmoud and Edens 2003) . However, the lack of Se-dependent glutathione peroxidases in insects increases the potential importance of the putative Se-independent peroxidase function of GSTs in antioxidant defence (Corona and Robinson 2006) . DHAR activity may maintain AsA levels, which plays a major role in scavenging free radicals and specific ROS (Frei et al. 1989) . Yamamoto et al. (2011) also demonstrated that bmGSTO plays a role in scavenging ROS by peroxidase activity and induces resistance to oxidative stress by DHAR activities. In our study, AccGSTO2 exhibited glutathione-dependent DHAR and peroxidase activities. Moreover, the transcription of AccGSTO2 is induced by H 2 O 2 and paraquat treatment. The disc diffusion assay also provides direct evidence that E. coli cells overexpressing AccGSTO2 were protected from environmental stressors (paraquat, cumene hydroperoxide, and tbutylhydroperoxide). In addition, the recombinant AccGSTO2 can protect supercoiled DNA from nicking by hydroxyl radicals in the MFO system. Taken together, these observations indicate that AccGSTO2 could be associated with the scavenging of ROS and contribute to the cells resistance to oxidative stress.
Protection against oxidative stress is an eternal theme for the survival of living organisms. In conclusion, the unique biochemical features, expression patterns, functional characteristics and potential physiological roles of AccGSTO2 that were demonstrated in this study offer the basic knowledge for further studies about functions of Omega-class GST.
